A central tenet of evolutionary social science holds that behaviors, such as those associated with social dominance, produce fitness effects that are subject to cultural selection. However, evidence for such selection is inconclusive because it is based on short-term statistical associations between behavior and fertility. Here, we show that the evolutionary effects of dominance at the population level can be detected using noncoding regions of DNA. Highly variable polymorphisms on the nonrecombining portion of the Y chromosome can be used to trace lines of descent from a common male ancestor. Thus, it is possible to test for the persistence of differential fertility among patrilines. We examine haplotype distributions defined by 12 short tandem repeats in a sample of 1269 men from 41 Indonesian communities and test for departures from neutral mutation-drift equilibrium based on the Ewens sampling formula. Our tests reject the neutral model in only 5 communities. Analysis and simulations show that we have sufficient power to detect such departures under varying demographic conditions, including founder effects, bottlenecks, and migration, and at varying levels of social dominance. We conclude that patrilines seldom are dominant for more than a few generations, and thus traits or behaviors that are strictly paternally inherited are unlikely to be under strong cultural selection.
volutionary social scientists analyze the fitness consequences of behavior, where the currency of fitness is reproductive success. Many studies have argued that reproductive skew biased toward dominant or high-ranking men is very common in human communities: ''In more than one hundred well studied societies, clear formal reproductive rewards for men are associated with status: high-ranking men have the right to more wives'' (1). Demographic statistics collected over short time scales support these claims (2) . Although variation in male fitness is known to occur, an important unanswered question is whether such differences are heritable and persist long enough to have evolutionary consequences at the population level. In this report we show that it is possible to use genetic markers to test for the signature of heritable reproductive skew within population groups.
Several authors have modeled the effects of reproductive skew in different contexts (3, 4) . Fig. 1 contrasts two models: the standard Wright-Fisher model in which all individuals produce offspring with equal probability (i.e., no reproductive skew) and a model of male dominance in which individuals whose parents had many offspring are more likely to have more children themselves. Investigations of genetic variation on the nonrecombining portion of the Y chromosome provide an opportunity to ask which of these models better characterizes a given population. Here, we genotype 12 short tandem repeats (Y-STRs) and a battery of SNPs on the Y chromosomes of 1269 men from 41 Indonesian communities. We then construct Y-chromosome haplotypes for each sample [supporting information (SI) Table   S1 ]. Unlike human genetic studies that sample unrelated individuals from a broad geographical watershed and thus fail to capture community-level processes, we sample male residents of several indigenous and relatively isolated communities. These populations include neolocal Borneo hunter-gatherers and Central Javanese rice farmers, matrilocal horticulturalists on Flores, patrilocal Balinese wet-rice farmers, and patrilocal horticultural clans on Sumba, Nias, and Flores.
To detect evidence of heritable reproductive skew, we use statistical procedures that are based on the Ewens sampling formula (5) . In particular, we apply Slatkin's exact test of neutrality, which is based on the haplotype frequency distribution (6, 7) . Communities experiencing reproductive skew among patrilines will tend to have haplotype frequency distributions that, over time, become unlikely under the neutral model, skewed toward an excess of common haplotypes (patrilines). Such skewed distributions would provide evidence for cultural selection, defined as the heritable nongenetic transmission of any kind of behavior that affects reproductive success (see ref. 8) .
Results
Strikingly, we find that only 5 of 41 communities (12%) have haplotype frequency distributions that are unlikely under the neutral model (i.e., rejected the null hypothesis of neutrality). Fig. 2 shows the haplotype frequency distributions of 1 of these 5 communities (Fig. 2B) , and a neutral deme (Fig. 2 A) . All 5 cases that rejected neutrality show a similar pattern: 1 or more common haplotype(s) (i.e., a high-frequency patriline) paired with a large number of low-frequency haplotypes (Fig. S1 ). This contrasts with patterns produced under the neutral model with different population sizes. Observed haplotype frequency distributions typical of large communities (i.e., in which the genetic diversity of the sampled population is high) are characterized by many unique haplotypes and a few high-frequency lineages. Smaller communities with reduced neutral diversity tend to have fewer low-frequency haplotypes and fewer common patrilines.
Dominance Model and Power of the Exact Test. Given these findings, we wanted to know how often the Ewens exact test fails to reject neutrality when male dominance is in fact occurring. The Ewens test is nonparametric and is not based on any specific model. It is independent of both village effective population size and Y-STR mutation rate. We constructed an analytical model to determine the ability of this test to detect departures from neutral equilibrium as a result of heritable reproductive skew caused by social dominance. In this model, dominant males comprise a fraction ␦ of the total population and have a selective advantage over the nondominant males. Offspring in the next generation are chosen according to a haploid Wright-Fisher model with competition between the 2 classes, dominant and nondominant. To maintain the fraction of dominant males at ␦ for each subsequent generation, a proportion of sons of the dominant males is chosen at random to be dominant for the next iteration of the model. Thus, for this 2-parameter model, either ␦ ϭ 0 or ϭ 0 yields neutral populations (see SI Text Population Models for additional details).
To calculate the power of the Ewens exact test under this model, we simulate nonneutral populations, sample them, and apply the exact test to observe departures from the expectation under neutrality. To condition the simulations on our Indonesian data, we simulate populations taking (i) samples of size 20 from smaller villages having effective population size 100 using 10 Y-STRs, and (ii) samples of size 35 from larger villages having effective population size 300 using 12 Y-STRs. Tables S2 and S3 show the results of these analyses for all parameters. For example, for a village of size 300 with only 4% of the men producing twice as many offspring ( ϭ 1), the power of our test is 0.39. Assuming this level of dominance, the probability that 5 (or fewer) of 41 villages rejects neutrality is Ϸ0.02%. Thus, even weak dominance would be detectable in a sample of 41 villages. Fig. 3 gives this probability for the power calculated from any model of selection.
Demographic Effects. Departures from neutrality can arise from both selective and demographic causes (e.g., changes in population size and structure). Consequently, inferring whether observed cases result from reproductive skew or from other factors is not straightforward. There are 2 possibilities. First, demographic processes might mask the effects of male dominance and make villages appear neutral when in fact they are experiencing heritable reproductive skew, leading to false negatives. Alternatively demographic processes might cause neutral populations to appear nonneutral (i.e., leading to false positives). In this section we discuss the effects of 2 classes of demographic process on the Ewens test: reductions in population size (including founder effects and bottlenecks) and migration.
In general, bottlenecks (or founder events) reduce genetic . Additional haplogroup information is in Table S5 . variation ( Fig. S2 ) by leading to the rapid loss of rare lineages. Eventually, if the bottleneck remains strong, more common lineages will be lost also. In the phase of population recovery after a bottleneck, new mutations tend to occur on different Y chromosomes. Thus, during the bottleneck phase we expect to find a reduction in the frequency of rare haplotypes, whereas in the recovery phase we expect to see an excess of rare haplotypes compared with the expectation for a population in neutral equilibrium. For false positives, the most extreme case is a neutral population undergoing a bottleneck in which all individuals possess the same haplotype. This is conceivable, for example, in the case of a founding event by a small kin group. Thus, neutral populations may test as nonneutral in the period immediately following a strong bottleneck ( Fig. S3A ) (see Materials and Methods). In a population experiencing reproductive skew as a result of male dominance, a bottleneck will reduce genetic variation further. Because a reduction in haplotype diversity reduces the power of the exact test, dominance will be more difficult to detect during the recovery phase. Simulations indicate that populations return to the nonneutral condition in ϳ20 generations as long as dominance remains constant (Fig. S3B) . This raises the question of whether we are underestimating the importance of male dominance as a result of low power to reject neutrality after a bottleneck. We believe this to be unlikely for several reasons. First, the mean village size, at 280 male household heads, is sufficiently large to indicate that frequent bottlenecks occurring in the past few generations are very unlikely (Table S4) . Second, haplogroup diversity (i.e., the number and relative abundance of Y-chromosome lineages as defined by SNPs) is relatively high (Table S5) . Finally, reductions in effective population size that one expects to accompany a bottleneck are not seen. The bottlenecks simulated here are quite extreme, with reductions in population size of 90% for 10 generations. Moreover, if bottlenecks do occur, they also independently will reduce the demographic effects of male dominance. For example, if a population is reduced from size 300 to 35 for 10 generations, then the chance that any individual has a descendant in a recovering population is Ͻ 2% (this becomes Ͻ 1% if the bottleneck lasts for 20 generations) (Fig. S2) . Thus, it is unlikely that Y-chromosome lineages of dominant males would survive a severe population bottleneck.
Migration is another factor that affects patterns of diversity within populations. Increasing the number of new alleles entering the population each generation by migration is functionally equivalent to increasing the mutation rate, , in a Wright-Fisher model. Consequently, migration will not cause false positives because the exact test is not dependent on the mutation rate under this model. However, for villages experiencing reproductive skew, high migration reduces the power of the Ewens exact test. In our sample, the highest migration rates are expected in Balinese villages because they often are adjoining and speak the same language. We simulated an Isolation with Migration model to estimate migration rates (see SI Text Estimation of Balinese Migration Rates). To determine whether this could impact the power of our tests significantly, we simulated moderate and high migration (m ϭ 0.01, 0.03/gen) as part of our power analyses (Tables S2 and S3 ). Even when sample sizes are small and dominance is weak, the reduction in power with these levels of migration is minimal, amounting to only a few percent. For example, with 4% dominant males producing 3 times as many children as nondominant males, high migration reduces the power from 32% to 26% in small village simulations (Table S2) .
Nonheritable Reproductive Skew. We also consider another model of reproductive skew in which the composition of the dominant group varies. The distinction between the heritable and nonhe- 15 , dominant lines persist on average only 6 or 7 generations, and, not surprisingly, we find a clear reduction in power for this case. The power of selection to structure the genetic composition of the community also is reduced as p increases and the composition of the dominant group becomes more fluid (Fig.  4A) . Concomitant with this result, we also find in our simulations a clear reduction in the village effective population size, N e , for small values of p and some reduction for all values (Fig. 4B) . To look for reductions in N e , we estimated the effective population sizes of sampled communities based on the number of haplotypes and compared these values with best-estimate demographic data made available by village records or the local Indonesian government. For the communities in which the neutrality test was not rejected, effective size estimates (compensating for migration) are similar to census demographic values (Table S4 ). In contrast, the nonneutral communities have N e estimates that are much smaller than the number of male heads of households, in some cases dramatically smaller. Because we do not see a marked reduction in N e for the villages that test neutral, and these villages maintain high levels of haplogroup diversity (Table S5 ), it appears that values of p Ͼ Ͼ 0 are uncommon for the communities in our sample. This argues against significant reproductive skew, which would reduce both N e and diversity quickly in small communities.
Cases That Depart from Neutral Expectations. Finally, we investigate possible explanations for departures from neutrality for each of the 5 nonneutral communities. Three communities come from Sumba, a remote island in which residence is patrilocal, descent is traced through the patriline, marriage is polygamous, and competition for status and resources among clans is endemic (9) . Given these circumstances, it perhaps is remarkable that the remaining 5 Sumbanese communities we sampled failed to show statistically significant evidence of heritable reproductive skew. In Bali, where residence is patrilocal and there is competition among patrilineal descent groups, the only nonneutral community is South Batur. This village was part of the larger village of Batur, which fragmented in 1948 after a period of rivalry between factions that often were associated with descent groups. A very recent process of village fissioning led to resettlement of some households based on lineage affiliation (10) . The remaining nonneutral community is a patrilineal and patrilocal community in central Flores. It once was the site of a minor princedom that became an administrative center during the Dutch colonial era and now serves as a district capital (''kecamatan''). Our sample includes a large proportion of civil servants born elsewhere, probably accounting for its diverse haplotype distribution.
In sum, most of the sampled populations do not show evidence of a departure from neutral stochastic equilibrium with respect to male lineages. If reproductive skew inherited between generations were a pervasive and ongoing process, we would expect to observe frequent rejections of the Ewens exact test of neutrality. We do not observe such rejection in 88% of our Indonesian communities. Even our nonneutral Indonesian communities may not necessarily reflect the action of male reproductive skew but rather the signature of a very recent or nonneutral founding group. For the reasons discussed earlier, recent bottlenecks are unlikely to be masking significant skew. We conclude that male reproductive skew is at best weak in most of our sampled population groups, despite their varied subsistence strategies and kinship practices.
Discussion
The implications of our results extend beyond the Indonesian cases described here to the broader question of the relationship between reproductive skew and the genetic structure of human communities. The genetic or cultural-evolutionary effects of dominance become apparent only by extending analyses from the inclusive fitness of individuals to population-level consequences over the course of multiple generations. Here, we take a population-genetic approach to infer selection by detecting departures from neutral drift-mutation equilibrium at the population level rather than from variation in the reproductive success of individuals (11) (12) (13) . Our results indicate that dominance effects generally do not persist over multiple generations. The lack of evidence of reproductive skew in these communities means that heritable traits or behaviors that are passed paternally, be they genetic or cultural, are unlikely to be under strong selection.
The discovery that neutral processes can explain most haplotype frequency distributions in these communities parallels earlier results from the development of neutral theory in genetics and ecology. As Kimura (14) observed in his original article, the prevalent opinion in the 1960s held that almost all mutations are under selection. This opinion was slow to change. More recently, ecologists similarly have suggested that a neutral model, in which species in the same trophic level are functionally equivalent or neutral with respect to each other, might adequately explain species-abundance distributions in ecological communities (15) (16) (17) . In anthropology, the recent availability of appropriately sampled community-level polymorphism data now enables us to distinguish both genetic and cultural selection from neutral demographic processes with surprising precision. In these Indonesian communities, male dominance seldom translates into increased fertility among descendents over evolutionary timescales.
Materials and Methods
Ewens Sampling Formula. Our statistical methods are based on the appropriateness of the Ewens sampling formula (5) as a null model for the process under study. This sampling formula applies to closed populations in situations that meet the following criteria for samples, genetic data, infinite alleles, and equilibrium:
1. Samples: The sample size n is small compared with the constant haploid population size, N. 2. Genetic Data: Each mutation is selectively neutral, taking place from 1 generation to the next with probability .
3. Infinite Alleles: Each mutation gives rise to a novel haplotype. 4. The population is in equilibrium.
The sampling formula gives the distribution of a sample taken from the assumed equilibrium frequency distribution or configuration of the population. A configuration is denoted by b ϭ (b1,b2,. . . ) where bi is the number of haplotypes represented i times in a sample of n individuals. Thus, possible sampling configurations satisfy ͚iibi ϭ n. The Ewens sampling formula states that this configuration has probability
The choice of generally is approximately equal to 2Ne where Ne is the effective population size. We now examine the assumptions individually. Then we show how the Ewens sampling formula forms the basis for a test of neutrality and an estimator of based on the number of haplotypes. We apply the test and the estimator to the sample sites. Finally, we introduce a 2-parameter model to assess the impact of these departures from neutrality and the power of the test and compare our method with another approach. 1. Samples. In total, 1269 Y chromosomes were collected from 41 communities on 6 islands (Bali, Borneo, Flores, Java, Nias, Sumba) in Indonesia (Fig. S4) . Sample sizes range from 16 to 54 individuals. All samples were collected from volunteer donors with written informed consent and appropriate permits from the Indonesian Government via the Eijkman Institute for Molecular Biology. The University of Arizona Human Subject Committee approved sampling protocols. In all cases, care was taken to exclude individuals related within the last 3 generations, as determined by detailed personal genealogies. This aspect of the sampling procedure effectively eliminates the effects of recent demographic events.
Samples were designed to be a small proportion of the village. The number of samples n in each community is given in Table S1 . The assumption of constant population is a part of our null hypotheses. Departures from the constant population assumption will be considered in our power analysis. 2. Genetic data. The polymorphic sites from the nonrecombining part of human Y chromosome included a set of 74 previously published binary markers (18) and 4 additional polymorphisms: M208, M210, M346, and M356 (19 -22) . Binary markers were analyzed with a hierarchical strategy (23, 24) when additional sample genotyping was restricted to the appropriate downstream mutations along the haplogroup tree.
For the microsatellite analysis, 10 STRs (DYS19, DYS388, DYS389I, DYS389II, DYS390, DYS391, DYS392, DYS393, DYS426, and DYS439) were typed as described by Redd et al. (25) . Some sites also were scored for DYS438 and DYS457 loci. Table S1 indicates the total number of STRs typed for each sampling location.
A haplotype is defined by its sequence of repeat numbers. Consequently, a haplotype mutates if at least 1 STR mutates. If we let M denote the number of STRs, and let i denote the mutation rate for the ith Y-STR, then we can calculate the mutation rate for Y-STR haplotypes as ϭ P͑at least one STR mutates͒ ϭ 1 Ϫ P͑no STR mutates͒
P͑ith STR does not mutate͒
Consequently, depends only on the average mutation rate, not its variability. Using the average STR mutation rate of 0.0021 per generation (26, 27) (28 -30) . Mutation models that permit multiple repeat changes are less likely to mutate to an existing haplotype than mutation models that permit only a mutation changing the repeat number by1. In addition, as we shall see, homoplasy affects tests for neutrality and estimates for only if it reduces the number of haplotypes in the sample. Irrespective of the model, the impact of homoplasy is to reduce the number of haplotypes and to increase the fraction of individuals that belong to common haplotypes. 4. The population is in equilibrium. Neutral models for the evolution of the configuration of individuals are Markov chains. For Markov chains that model this evolution, the distribution of the configuration of haplotypes converges to its equilibrium. The questions arise: What is the time needed for this convergence, and what is the nature of the convergence? Analytical results and simulations (data not shown here) confirm that these Markov chains possess a cutoff phenomenon. The cutoff occurs at approximately N e (log)/ generations. Here, we take a generation to be 31 years (31) .
The analysis also shows that a neutrally evolving population has reached equilibrium if each individual in the population has experienced at least 1 mutation along the line of descent connecting that individual to a founding member of the population. If a community is neutrally evolving but the genetic data have not yet reached equilibrium, then the current population will have some signature of the founding population. Fig. S3A shows this phenomenon for a single neutral population that began with all individuals sharing the same haplotype.
Statistical Procedures. The Ewens sampling formula is a 1-parameter probability distribution function. It can be expressed as the product of two terms
For a fixed value of K, the first term gives the likelihood for a given configuration b. The second shows that the number of haplotypes K ϭ Αi bi is a sufficient statistic for the parameter . Note that the form of this product shows that, given the number of haplotypes, the distribution of haplotypes does not depend on the parameter and consequently does not depend on either the population size or the mutation rate.
Test for Neutrality. Based on the first term in the product of the Ewens sampling formula, Slatkin (6, 7) developed an exact test for significant departures from the neutral hypothesis. The exact test calculates the probability of all configurations with fixed sample size, n, and fixed haplotype number, K, and sums the probabilities of the configurations that are less likely than the observed configuration. That value, PE, is reported in Table S1 . The test is 2-tailed: values of PE Ͻ 0.025 indicate a departure from neutrality in the direction of a distribution that is ''too even,'' often taken to indicate the presence of balancing selection. Values of PE Ͼ 0.975 indicate departure in the direction of an ''overly uneven'' distribution, which can indicate either the presence of positive selection or demographic history. Table S1 shows the values of PE for all of the sampled villages. Highlighted departures from neutrality have PE Ͼ 0.975.
Power Analysis. To determine the power of the test to detect neutrality under the dominance model, populations were simulated under a range of parameters values for and ␦ under 2 choices for village population size and 2 levels of migration (Tables S2 and S3 ). For each set of parameters, 10,000 samples were simulated, the exact test was applied, and the number testing as nonneutral was counted. The estimated power of the test is the fraction testing as nonneutral. See SI Text for further details of the analysis Estimate of . The maximum likelihood estimator of is found by solving (32):
where n is the sample size. Using value of given earlier, we are able to estimate effective population size, N e, using K. The values for K and the estimated values for for each community are given in Table S1 . We compare these estimates with the number of male household heads known from census data in Table S4 . Estimates for are biased upwards.
